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ABSTRACT: We tested the feasibility of using Sail-
drone unmanned wind- and solar-powered surface
vehicles to conduct remote focal follow studies of
northern fur seals Callorhinus ursinus. Using Argos
satellite and transmitted GPS locations, the Sail-
drones followed a fur seal while recording oceano-
graphic conditions and mapping prey abundance
and depth distribution using a scientific echo-
sounder. The Saildrones successfully followed 6 fur
seals over 2.4 + 0.2 d (mean + SE) and 149.7 + 16.3 km
of the foraging path. Median separation distance
between the Saildrone and fur seal path was 0.65 +
0.1 km and average time separation was 9.9 += 1.4 h,
with minimum time separations ranging from 1.9-
4.9 h. Time and distance separation were a function
of both animal behavior and study design. Our
results show that Saildrones can approach satellite
tracked marine predators from long distances and
follow them over extended periods while collecting
oceanographic and prey data. These successful focal
follows demonstrate that unmanned surface vehicles
are a valuable tool for collecting data on fine-scale
relationships between marine predators, their prey,
and the environment.
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Unmanned surface vehicles (Saildrone) collected data on
environmental conditions and prey availability while tracking
northern fur seals over long distances and durations.
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1. INTRODUCTION

Focal follow studies can be used to gain detailed
information about fine-scale relationships between
marine predators, their habitat, and their prey (e.qg.
Friedlaender et al. 2015, Witteveen et al. 2015). Often
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vessel-based, focal follow studies record the beha-
vior of a target animal either visually or by using
biologging tools (e.g. dive recorders, video cameras,
acoustic instruments) while simultaneously measur-
ing physical and biological parameters at close dis-
tances (<1 km). Measurements of oceanographic pa-
rameters can be used to describe habitat, and
echosounders or trawls can be used to quantify prey
availability around the target animal (Friedlaender et
al. 2015, Witteveen et al. 2015). These vessel-based
studies are often costly and can be constrained by
weather, day light, and location (NRC 2009, Verfuss
et al. 2019), limiting the temporal and spatial scales
that can be covered.

Unmanned vehicles, including underwater gliders
and surface vehicles, are increasingly being used to
supplement vessel-based studies (e.g. Cokelet et al.
2015, Rudnick 2016). These technologies can help
expand research activities over longer time periods
or larger areas, including shallow coastal regions
inaccessible by large research vessels (Cokelet et al.
2015, Rudnick 2016). Recently, autonomous under-
water vehicles (AUVs) have been used for focal fol-
low type studies of fish, sharks, and turtles (Packard
et al. 2013, Skomal et al. 2015, Dodge et al. 2018).
These studies, which used acoustic transponders on
the targeted animal, were temporally limited (1 to
<8 h) and only able to measure oceanographic
parameters, not prey abundance (Packard et al. 2013,
Skomal et al. 2015, Dodge et al. 2018). For focal fol-
low studies with unmanned vehicles to be compara-
ble to traditional survey methods, longer follow dura-
tions and direct measurements of prey are needed.

Recently, unmanned wind- and solar-powered sur-
face vehicles (USVs), called Saildrones (Saildrone
Inc.), have successfully demonstrated their ability to
conduct long-duration missions (>100 d), collecting
data on oceanographic and atmospheric conditions
and mapping fish depth distribution and abundance
using a scientific echosounder (Cokelet et al. 2015,
Mordy et al. 2017, De Robertis et al. 2019). We tested
the feasibility of using Saildrones to conduct remote fo-
cal follow studies of northern fur seals Callorhinus ursi-
nus over long distances (>100 km) and multiple days,
to gain information about relationships between north-
ern fur seals and their prey. We used near real-time lo-
cations transmitted from tracked fur seals to guide the
Saildrones along a foraging path while collecting
oceanographic and echosounder data. Here, we (1)
demonstrate a successful feasibility test including per-
formance metrics of the focal follows, (2) present exam-
ples of the data collected during the focal follows, and
(3) provide suggestions for future improvement.

2. MATERIALS AND METHODS
2.1. Fur seal instrumentation

We equipped adult female northern fur seals on
St. Paul Island, Alaska (see Fig. 1) with tracking
instruments from July-October 2016 (n = 30) and
from July-September 2017 (n = 16). A subset of the
fur seals were selected as targets for the feasibility
study. These fur seals were instrumented with
either a SPLASH10 (n = 4; 2017) or SPLASH10-F
(n = 2; 2016) glued to the pelage (Wildlife Comput-
ers [WC]). Both instrument types provided satellite
locations via the Argos satellite system (hereafter
‘satellite’ locations) and sampled depth at 1 s inter-
vals. SPLASH10-F instruments (2016 only) also
recorded GPS locations at 15 min intervals (‘ar-
chived GPS') and transmitted the most recent GPS
location (‘transmitted GPS') stored in the archive.
In 2016, only transmitted GPS locations were used
during focal follows because errors associated with
GPS locations are significantly smaller than satellite
location errors (Costa et al. 2010). To conserve bat-
tery power during periods of reduced satellite cov-
erage, transmissions were duty-cycled (2016: off
from 11:00-11:59 h GMT; 2017: off from 0:00-01:59
and 10:00-11:59 h).

2.2. Study design

This feasibility study occurred during a large-
scale, ecosystem-based research mission to map
walleye pollock Gadus chalcogrammus (‘pollock’)
abundance and depth distribution in the fur seal's
foraging range (Mordy et al. 2017, De Robertis et
al. 2019). The aim was to follow an individual for
~2 d and collect data on oceanographic conditions
and prey availability along the foraging path. In
2016, follows were initiated when a fur seal was
near 1 of 2 Saildrones performing the foraging
habitat survey (Mordy et al. 2017), with the goal of
starting ~12 h behind to ensure fur seal locations
were consistently available to direct the Saildrone.
Given that Saildrone speed is determined by en-
vironmental conditions, we could not predict in
advance how long it would take to catch up to the
targeted fur seal. To reduce time separation during
the follows, in 2017 a single Saildrone was stationed
~50 km from St. Paul Island prior to the start of the
focal follows. When the first targeted fur seal began
a foraging trip, the Saildrone was tasked to initiate
the follow with no preset time delay. After a focal
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follow was completed, the Saildrone transited to
the next closest fur seal to begin a new follow.

2.3. Saildrone location acquisition and
data collection

Location data (satellite and transmitted GPS) were
collected and stored in the WC Data Portal, and
transmitted GPS data were processed on arrival.
Although the standard procedure was for the portal
to acquire new data from Argos at 15 min intervals,
intermittent monitoring found that in 2017, the time
between queries ranged from ~15 min to slightly over
1 h. When a delay was identified, new data were
manually downloaded from the Argos website and
uploaded into the WC portal until the time delay was
reduced.

Saildrone Inc. acquired the location data in an
automated fashion via WC's web services at 5 min
intervals. The location data were filtered to remove
erroneous locations (details in Text S1 in the Supple-
ment at www.int-res.com/articles/suppl/m635p001_
supp.pdf). When new locations were received, an
alert was sent to a Saildrone operator and the Sail-
drone was rerouted as necessary, generally within
5-10 min. When the Saildrone reached the last avail-
able location, it moved between the 2 final locations
(2016) or stayed on-station (2017) until a new fur seal
location became available.

During the Saildrone deployments, 19 (2016) and
17 (2017) oceanographic and atmospheric parame-
ters were measured (see Supplement). Echosounder
data, used to measure fish depth distribution and
abundance, were processed using methods devel-
oped specifically for Saildrone data (De Robertis et
al. 2019). In the study region, acoustic backscatter is
dominated by scattering from pollock (De Robertis et
al. 2019), the northern fur seal's primary prey when
foraging on the Bering Shelf (Zeppelin & Ream 2006).
Acoustic-trawl surveys conducted from a research
vessel in July 2016 confirmed that acoustic backscat-
ter could be primarily attributed to pollock (De
Robertis et al. 2019).

2.4. Performance metrics

Fur seal locations were filtered using a maximum
transit rate of 3 m s~ and hourly locations were mod-
eled using a continuous-time correlated random
walk (R v.3.6.0, packages ‘argosfilter’ and ‘crawl’;
Johnson et al. 2008; www.r-project.org). Modeled

location data, instead of linear interpolated data,
were used to determine the Saildrones’ performance
metrics because they more accurately reflect marine
predator movement and can account for location
errors (Tremblay et al. 2006, Johnson et al. 2008).

To quantify the focal follow performance, we calcu-
lated the distance separation between the modeled
fur seal path and the Saildrone sampling path using
straight-line distance to the closest point. Time sepa-
ration was calculated as the time it took the Saildrone
to reach points at 10 km intervals along the fur seal
path. Time and distance separation were also calcu-
lated at the start and end of the fur seal path. Addi-
tionally, distance separation was calculated at the
initiation of the focal follow, meaning the time at
which the Saildrone was rerouted to move towards
the start of the fur seal's path. Gap times in fur seal
locations were calculated as the time between trans-
mitted locations after applying the Saildrone filtering
criteria. Results are summarized as means + SE. Dif-
ferences between grouped summary metrics were
tested using f-tests after validating normality and
homogeneity of variances. The relationship between
location gap times and distance separation was
tested using a linear regression after log transforma-
tion of the data.

3. RESULTS

A total of 6 focal follows were conducted, sampling
149.7 + 16.3 km of the fur seals’ foraging path
(Table 1, Fig. 1). The fur seals covered this distance
in 2.4 + 0.2 d, whereas the Saildrone sampled the
same pathin 2.0 £ 0.2 d (Table 1, and see the Supple-
ment). Locations per hour were 47 % higher when
using satellite locations (2017) compared to transmit-
ted GPS locations (2016, t; = 3.17, p = 0.03; Fig. S1A).
Median gap times between transmitted locations
were less than 1.5 h (Table 1), and maximum gap
times (range: 4.8-9.9 h) were significantly shorter in
2016 (&, = 3.77, p = 0.02; Table 1, Fig. S1A).

The separation distances between the fur seal and
the Saildrone at the initiation of the focal follows
were lowest when focal follows were conducted
opportunistically (2016) and when the Saildrone was
near the rookery waiting to begin (NFSF051%;
Table 1). In 2017, the separation distance at the initi-
ation of the focal follows increased as the study pro-
gressed as fewer fur seals were available to be tar-
gets. Once the Saildrone reached the start of the
focal follow path, median distance separations were
0.65 £ 0.1 km (Table 1, Fig. S1B), with minimum sep-


https://www.int-res.com/articles/suppl/m635p001_supp.pdf
https://www.int-res.com/articles/suppl/m635p001_supp.pdf

Mar Ecol Prog Ser 635: 1-7, 2020

Table 1. Fur seal focal follows conducted in 2016 and 2017. 'Fur seal: data summarized from the portion of the fur seal path sampled by the Saildrone; ‘Saildrone’: data
from the Saildrone follow track. See Section 2.4 for descriptions of distance and time separation metrics. Gap times: times between the transmitted fur seal locations

used to direct the Saildrone; ‘all": mean (+SE) values summarized for each metric; NA: not applicable

Gap times (h;
median, range)

Dist. separation
(km; med, range)
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Fig. 1. Modeled hourly locations for 6 tracked northern fur

seals (purple triangles: 2016; green points: 2017) with Sail-

drone follow paths overlaid in solid orange. Fur seals were
instrumented on St. Paul Island, Alaska

aration distances averaging less than 15 m (Table 1,
Fig. S1B). Separation distance was not related to
mean location frequency, but increased when the
time to the previous transmitted fur seal locations
increased (F 353 = 17.12, p < 0.001), likely due to the
increasing uncertainty in the real-time location of the
fur seal.

The average time separation between the Sail-
drone and the fur seal at the start of the focal follow
was 15.0 = 3.9 h, with the longest separations occur-
ring at the start of the final 2 follows in 2017 (Table 1).
As a focal follow progressed, average time separation
decreased, with minimum values ranging from
1.9-4.9 h (Table 1, Fig. S1B). In all but one case, the
Saildrone was able to significantly reduce the time
separation from the start to the end of the focal follow
period (t5 = -2.11, p = 0.04; Table 1).

Echosounder data were collected for each focal fol-
low period, and oceanographic data were collected
for all focal follows except the second follow in 2016
(NFSF0116) when it became necessary to conserve
power. Example data are presented to demonstrate
how this type of fine-scale data can ultimately be
used to examine the influence of prey distribution
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Fig. 2. (A) Total backscatter (s,) recorded by the Saildrone
during northern fur seal focal follows. Black circles: location
of the Saildrone for each dive plot. (B-D) Examples of
backscatter with northern fur seal dive behavior overlaid
(black line): (B) deep daytime dives, near the sea floor; (C)
short, shallow dives occurring at night; (D) mixed shallow
and deep dives at night. Echosounder data are presented
from the nearest location (displaced by 5-7 km) that
matched the time of day the fur seal was diving (day vs.
night). In (B) and (C), dive and echosounder data were col-
lected simultaneously. In (D) the closest location with night
echosounder data was sampled 24 h prior

and abundance on predator behavior (Fig. 2) and to
demonstrate the fine-scale variability in oceano-
graphic conditions along a foraging path (Fig. S2).

4. DISCUSSION

Our focal follow feasibility test showed that USVs,
such as Saildrones, can remotely approach satellite-
tracked marine predators from long distances and
follow them to collect valuable environmental and
prey data over large distances and extended time
periods. In a review of unmanned vehicles used for
marine animal surveys, Verfuss et al. (2019) sug-
gested powered vehicles are most suited for focal fol-
low studies but acknowledged their limitations for
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both duration and range. In contrast, Saildrones com-
bine several key features for focal follow studies: rel-
atively high speed, consistent communications to
transmit data and effectively re-task the vehicle, the
ability to make acoustic measurements of prey and
measure environmental conditions, and long-term
deployments (Cokelet et al. 2015, De Robertis et al.
2019).

The distance and time separations that are consid-
ered acceptable for focal follow research will vary for
each study system based on factors including the dis-
tribution of prey, environmental features of interest
(e.g. mesoscale vs. sub-mesoscale), and the variabil-
ity of these features (Bost et al. 2009, Hazen et al.
2013). For northern fur seals, we were specifically
interested in how the density and depth distribution



6 Mar Ecol Prog Ser 635: 1-7, 2020

of pollock influenced fur seal behavior. As spatial dis-
tributions of pollock are considered stable during the
summer months (Smith & Bakkala 1982) and layers
of pollock can extend for 100+ km (Walline 2007), the
performance metrics were acceptable for our re-
search objectives. However, pollock depth distribu-
tion changes due to daily vertical migrations (Sogard
& Olla 1996). In order to account for these day/
night differences, in future analyses that relate fur
seal dive behavior to the depth distribution of prey
it will be necessary to match these data by time of
day (day vs. night; e.g. Fig. 2). Matching by time of
day may increase the time separation between the 2
data sources in some cases, but would not be
required for examining other relationships, such as
the influence of overall prey biomass or environmen-
tal characteristics.

5. LIMITATIONS AND FUTURE APPLICATIONS

Unlike traditional focal follow studies, our remote
focal follow method introduced time delays through-
out the data transfer process. Argos identifies ‘mean
disposal time' as the time between when an obser-
vation is collected by a platform (e.g. tracking
instrument) and the time a user receives it (WMO
2015). Geographic location influences both mean
disposal time (<25 min to 1+ h) and location fre-
quency, as satellite pass frequency can be 4x higher
in polar regions (WMO 2015, Jeanniard-du-Dot et
al. 2017). This project included the added steps of
having the WC Data Portal pull and process data
from Argos before Saildrone Inc. acquired it to
reroute the vehicle.

Several approaches could be used to improve focal
follow performance by reducing the time or distance
separation. Time separation could be reduced by
increasing GPS acquisition frequency on the tracking
instrument or by having Saildrone Inc. pull locations
directly from Argos. Strategic positioning prior to a
focal follow also reduced time separation, allowing
the Saildrone to start the focal follow just 3 h behind
the targeted fur seal. Future studies could incorpo-
rate other sources of data, such as acoustic tags simi-
lar to those used to track shark, fish, and turtles, to
keep the Saildrone in close proximity (e.g. Packard et
al. 2013, Skomal et al. 2015). Alternatively, the USV
could potentially collect transmitted GPS locations
directly from the tracking instrument, bypassing the
Argos system (Jeanniard-du-Dot et al. 2017).

Being able to conduct focal follow studies remotely
over longer distances and time periods opens up new

possibilities for this type of fine-scale research, in-
cluding studies of species in hard-to-reach or highly
remote regions of the ocean. As the number of mar-
ine tracking studies continues to grow (Hussey et al.
2015), innovative technologies such as AUVs and
USVs will be valuable tools to help understand the
environmental and biological features that drive the
behavior of marine species.
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